Introduction
Atherosclerosis is the main determinant of cardiovascular diseases, the leading cause of cardiovascular morbidity and mortality around the globe ͓1,2͔. Although luminal narrowing and exaggerated or anomalous vasoconstriction contribute to some of the clinical manifestations of arterial diseases, it is the superimposition of an arterial thrombus over an underlying ruptured or eroded plaque that is responsible for the vast majority of acute ischemic syndromes such as myocardial infarction or cerebrovascular accident ͓3-5͔. Cerebrovascular atherosclerosis, for example, is the result of half of the stroke events including carotid plaques; plaque rupture is a critical event in the evolution of atherosclerosis. Hence, it is crucial to determine whether a plaque is vulnerable ͓6͔, and therefore life-threatening with the risk of stroke, or resistant and innocuous. The ability to identify rupture-prone high-risk plaques and to intervene successfully before acute plaque rupture occurs has been an elusive goal of clinicians over the past decades.
A series of postmortem observations in patients with acute ischemic syndromes revealed that predominant features of plaque vulnerability include increased numbers of macrophages, increased expression of tissue factor, reduced number of smooth muscle cells, a lipid core that occupies a high proportion of the overall plaque volume, and a thin fibrous cap ͑see, e.g., Refs. ͓6-9͔͒. The rapid development in the area of arterial wall imaging made the detection of the lipid core and the fibrous cap feasible. A review of the invasive and noninvasive imaging modalities is given in Ref. ͓10͔. High-resolution magnetic resonance imaging represents the best promise of in vivo quantitative characterization of plaque morphology ͓11-13͔, and appears to be a favorable assessment method of fibrous caps and a promising diagnostic strategy.
Plaque rupture is highly complex, multifactorial, and morphological criteria alone cannot reliably identify high-risk plaques. Early studies based on structural mechanics ͓14-16͔ identified a strong connection between plaque fracture and mechanical loading through blood pressure. It was especially shown that large eccentric lipid cores impose a mechanical disadvantage to the plaque by redistributing circumferential stress to the shoulders' regions of the plaques; hence, to the location where fibrous caps in most cases tend to rupture ͓17͔. These investigations provided strong evidence that acute plaque fracture is linked to plaque composition and to high mechanical stresses, which exceed the ultimate tensile strength of the fibrous cap. Thus, it is now accepted that computational mechanics in addition to imaging is necessary for the assessment of the lesions' vulnerability.
Therefore, in recent years more attempts came from the biomechanics community by applying numerical tools in conjunction with imaging modalities, such as magnetic resonance imaging ͑MRI͒ and intravascular ultrasound ͑IVUS͒, to provide deeper insights into plaque fracture. Several studies support the interrelation between the tissue components' structure and material properties and the overall mechanical environment of the plaque, and especially the fibrous cap responsible for acute cardiovascular events. However, the majority of published efforts have utilized simplified modeling approaches based on two-dimensional model plaques or assumed plane-stress states ͓14-16,18-23͔. The most promising approaches ͓24,25͔ have presented three-dimensional ͑3D͒ analyses of plaques based on fluid-structure interaction to identify flow and stress conditions and to computationally assess the fracture risk-factor of structurally different atherosclerotic lesions. In all mentioned studies, though, the arterial tissues were assumed to be isotropic, an assumption that does not reflect the experimentally observed anisotropic behavior of nondiseased ͓26,27͔ and diseased ͓28,29͔ vascular tissues. The aforementioned studies undoubtedly offer notable insights into the mechanics of plaque vulnerability. However, isotropic material models do not yield reliable quantitative results ͓30͔ and restrict the biomechanical interpretation of the findings significantly. Consequently, there is a need for modeling the complex 3D arterial structure, the tissue geometry, and the related mechanics in a more realistic way.
As requested by several studies, including the recent one by Beaussier et al. ͓31͔, the main objective of the present study is the development of a combined imaging and computational methodology able to analyze the effect of changes in the lipid core and calcification components on the 3D mechanical environment of an artery in general and on the fibrous cap vulnerability in particular. A human carotid bifurcation with high-grade atherosclerotic plaque serves as a pilot study ex vivo to show the power of the presented methodology. A patient-specific 3D geometric model is generated from high-resolution MRI, histological examination, and a non-uniform rational B-splines ͑NURBS͒ surface-fitting technique. The arterial wall is considered to be nonhomogeneous consisting of four different tissue components. The adopted constitutive model takes into account the nonlinearity and anisotropy of the fibrous cap and the portion of the nondiseased wall incorporating the collagen fiber orientation by using a novel algorithm. The material parameters are identified from novel experimental data of human carotid bifurcations and from the literature. Different lesion compositions lead to different stress patterns within the lesions, and certain types of plaques are more prone to stress concentrations and eventual rupture than others. For example, large lipid cores are the main determinant of high-risk lesions ͓6,32,33͔. Hence, within the present study we investigate the effect of changes in lipid core and calcification on the stress distribution, especially in the fibrous cap, by keeping the cap thickness constant. In particular, we vary the volume ratio of lipid core and calcification in the generated morphological and computational model. Finally, the different models are quantified using a vulnerability index with the potential to provide a quantitative assessment of cap vulnerability.
Biomechanical Arterial Model
In this section we describe the investigated specimen, the employed imaging technique, the segmentation and the generation of the 3D geometry for the arterial wall. We proceed by introducing the constitutive model and the performed mechanical tests to identify the material parameters.
2.1 Specimen. One carotid bifurcation was excised from a human cadaver ͑male, 76 years͒ during autopsy, i.e., donor III in Ref. ͓34͔ . The artery had an atherosclerotic lesion of type V, according to the classification proposed in Ref. ͓35͔ . A type V lesion may consist of multiple layers of alternating composition-two or more lipid cores of unequal size, separated from each other by unequal layers of reparative fibromuscular tissue, and irregularly stacked one on top of the other. After harvesting, the specimen was stored in a 37°C calcium-free 0.9% NaCl physiological saline solution ͑PSS͒ at 4°C ͑approximately 4-8 h͒ until magnetic resonance scanning. Use of autopsy material from the human subject was approved by the Ethics Committee, Medical University Graz, Austria.
Magnetic Resonance Imaging, Geometric Model.
To identify the 3D geometry of the vessel, high-resolution MRI was used. The artery was scanned on a whole-body MR system at 1.5 T ͑Philips ACS-NT͒. Three-dimensional turbo spin echo sequences were applied to achieve high spatial resolution and a sufficient signal-to-noise ratio in an acceptable scan time of 10-15 min. We obtained 45 MRI sections with a slice thickness of 0.8 mm and an in plane resolution of 0.15 mm. Three representative T1-weighted MR images of the carotid bifurcation are shown in Fig. 1 .
Subsequently, we applied an automatic segmentation method with active contours based on a generalized gradient vector flow ͓36͔. With this method we segmented three tissue components: ͑i͒ nondiseased wall W-nos, 2 ͑ii͒ calcification I-c, ͑iii͒ lipid core I-lp ͓30͔. The fibrous cap I-fc ͑fibrotic part at the luminal border͒ was segmented manually by a pathologist using several histological sections. Finally, based on the segmented MR images, the components' boundaries were described by means of NURB control points ͓37͔, and the volumes of the arterial tissues were reconstructed using the commercial software RHINOCEROS ͓38͔. The 3D geometric model with two characteristic cross sections are shown in Fig. 2. 2.3 Constitutive Model. Arterial walls are nonhomogeneous, anisotropic, highly deformable, nearly incompressible composites and exhibit a pseudoelastic response ͑see, e.g., Refs. ͓39-41͔͒. The choice of the constitutive model to describe such a complex behavior is of fundamental importance for the reliable prediction of the stress environment and the assessment of plaque rupture. We adopt the constitutive model as presented in Refs. ͓27,42͔ and review it briefly here.
We postulate the existence of a strain-energy function ⌿ and assume the decoupled form ⌿ = U͑J͒ + ⌿ , where J = det F Ͼ 0 is the volume ratio and F is the deformation gradient. The strictly convex function U is responsible for the volumetric elastic response of the material, while the convex function ⌿ takes care of the isochoric elastic response. Since we treat the individual tissue components like incompressible materials, U takes on the role of a ͑purely mathematically motivated͒ penalty function enforcing the incompressibility constraint. We have U chosen to be
where is the bulk modulus, which serves as a user-specified ͑positive͒ penalty parameter. Clearly, with increasing the violation of the constraint is reduced. If the restriction on the value → ϱ is taken, the constraint condition is exactly enforced, and then ⌿ represents a functional for an incompressible material with J =1.
The two tissue components W-nos and I-fc are considered as composites reinforced by two families of ͑collagen͒ fibers embedded in a noncollagenous groundmatrix assumed to be isotropic. An additive split of the isochoric strain-energy function ⌿ into an isotropic function ⌿ g , associated with the noncollagenous groundmatrix, and two anisotropic functions, ⌿ f,i , i =1,2, are used as in Refs. ͓43,44͔; thus, ⌿ may be written as
Following Refs. ͓45,46͔, the noncollagenous groundmatrix is modeled as an isotropic neo-Hookean material, i.e.,
where is a material parameter, and Ī 1 =tr C is the first invariant of the modified Cauchy-Green tensor
Following Refs. ͓27,42͔, the second term in Eq. ͑2͒ has the form
where k 1 and k 2 are positive material parameters, and Ī 4,i are modified invariants defined as Ī 4,1 = M M and Ī 4,2 = MЈ MЈ, where M and MЈ denote vectors, which point in the mean ͑refer-ence͒ direction of the two families of collagen fibers. The scalar parameter ͓0,1͔ can be interpreted as a weighting factor that allows the characterization of a state between isotropic response ͑equally distributed collagen fibers͒ and anisotropic response ͑ideal alignment of collagen fibers͒. Hence, for = 1, Eq. ͑4͒ reduces to
which is according to Refs. ͓43,48͔, while for = 0, Eq. ͑4͒ becomes
which is similar to the function proposed in Ref. ͓49͔ ͑100% isotropic distribution͒. Hence, can be seen as a "switch" parameter between isotropy and anisotropy describing the "degree of anisotropy" of the tissue.
The remaining tissue components I-c and I-lp are considered as isotropic materials described by a strain-energy function, which is the sum of the functions ͑1͒ and ͑3͒.
Mechanical Tests, Related Material Parameters.
In order to determine the parameters of functions ͑3͒ and ͑4͒, we per-3 mm z = 53.6 mm z = 60.8 mm z = 64.0 mm formed extension-inflation tests on the described human carotid artery at different axial stretches. The load was applied quasistatically, while the transmural pressure, axial force, outer diameter, and gauge length of the arterial specimen were continuously recorded. Details on the experimental setup and the experimental procedure are provided in Refs. ͓26,34͔. We use here experimental data obtained from the related internal carotid artery. The material parameters for W-nos were determined by fitting Eqs. ͑3͒ and ͑4͒ to the data using a least-squares algorithm. We assumed that the collagenous components of the tissues were symmetrically disposed with respect to the vertical axis ͑orthotropic behavior͒. We neglected the radial component of the vectors M and MЈ thus allowing the definition of the mean directions by the single parameter , which denotes the angle between the mean collagen fiber directions and the circumferential direction of the artery.
Material parameters for I-fc were assumed to be the same as for W-nos, while the parameters for the calcification I-c were adopted from Ref. ͓29͔. Therein it was shown that I-c exhibits very stiff and linear mechanical responses with an average Young's modulus of 12.6 MPa. By assuming a nearly incompressible response we obtain the value = 4.50 MPa, which enters function ͑3͒. The lipid core I-lp is a relatively soft material when compared with other tissues of an atherosclerotic artery. It was modeled as a nearly incompressible neo-Hookean material with a comparatively low shear modulus. The value was taken from Ref. ͓30͔ to be = 0.1 kPa; the same approach was pursued in Refs. ͓42,50͔. The material parameters for the individual tissues are summarized in Table 1 . The ratios of the ͑penalty͒ parameters , as in Eq. ͑1͒, to the moduli for the arterial components were chosen to be roughly equivalent to two to three orders of magnitude.
Computational Model
This section outlines a novel algorithm to generate the collagen fiber directions in arterial walls. It describes the finite element model including the generation of the mesh and the boundary and loading conditions. Next, four models are introduced by varying the volumes of two tissue components. These models serve as a basis for the biomechanical investigation of the relationship between tissue composition and vulnerability. Finally, a ͑scalar͒ computational vulnerability index is introduced to assess the rupture-risk of the fibrous cap.
3.1 Definition of the Fiber Directions. The anisotropic constitutive model ͑4͒ requires the mean preferred directions M and MЈ of the collagen fibers in the undeformed configuration as input data. This, however, is not a trivial task when realistic arterial geometries are considered, as in the present study. The complex and irregular patient-specific models hinder a straightforward description of the local material axes. Therefore, special numerical strategies are required.
The aim is to identify the fiber directions M and MЈ at a typical point P in the tissue. Thereby the angle between the collagen fibers ͑considered arranged in symmetrical spirals͒ and the circumferential direction is assumed to be known ͑Table 1͒. The algorithm used to generate the collagen fabric in space is based on tangential planes. Figures 3͑a͒ and 3͑b͒ show the respective transverse and longitudinal sections of the bifurcation model in addition to two planes ⍀ 1 and ⍀ 2 , which represent the tangential planes. The corresponding normal vectors at the projections of the point P on ⍀ 1 and ⍀ 2 are denoted by N 1 and N 2 , respectively. The vector product N 2 ϫ N 1 yields the projected fiber vectors M = −MЈ, which are located on the intersection ⍀ 1 പ ⍀ 2 of the tangential plane ͑Fig. 3͑a͒͒. Finally, the fiber vectors M and MЈ can easily be computed as
where N 1 is the projection of the normal vector N 1 on the plane ⍀ 2 , as shown in Fig. 3͑b͒ . Table 1 Material parameters for nondiseased wall "W-nos…, fibrous cap "I-fc…, calcification "I-c…, and lipid core "I-lp… 
Tissue Tangential plane The methodology outlined above was applied to the carotid bifurcation in question. The fiber directions were computed at the center of each finite element with the angle , as given in Table 1 . Figure 3͑c͒ shows the 3D fiber structure of the carotid bifurcation wall represented by vectors M and MЈ for a portion close to the bifurcation. For reasons of clarity, only the direction vectors at the center of the superficial finite elements are plotted. The advantage of the described method is its simplicity in terms of conception and implementation. As it can be seen in Fig. 3͑c͒ , the proposed strategy has the ability to provide solutions for large arbitrarily curved patient-specific 3D models.
Finite Element
Model. The 3D geometric model of the carotid bifurcation wall, as shown in Fig. 2 , was generated using the commercially available CUBIT Geometry and Mesh Generation Toolkit ͓51͔. The finite element mesh was generated with matching nodes on the four tissue interfaces, and no algorithmic treatment was required to link them. The mesh consists of approximately 7000 eight-node isoparametric hexahedral elements, which are based on a three-field Hu-Washizu variational formulation ͓47͔. The used mixed Q1 / P0-elements, as implemented in the multipurpose finite element analysis program FEAP ͓52͔, provide an efficient and proper description of the isochoric deformation of the tissue components.
Experimental investigations ͑see, e.g., Refs. ͓27,28,53,54͔͒ show that human vessels exhibit an axial in situ prestretch. In contrast to healthy arteries, highly stenotic human vessels ͑as the one investigated here͒ show a relatively small prestretch, for example, a value of 1.03 is reported in Ref. ͓28͔, while an average value of 1.044 is documented in Ref. ͓27͔ . In the present study a displacement-controlled axial stretch of z = 1.05 was initially applied to all nodes located at the upper face of the arterial wall. Subsequently, all nodes of the upper and lower faces ͑cross sections at the inlet and outlet͒ of the bifurcation were fixed in all three directions. Next, a blood pressure of 140 mmHg was applied which was performed by follower ͑deformation-dependent͒ pressure loads applied to each facet of the luminal surface.
Model Variation.
The quantitative effect of the severity of lipid core I-lp and calcification I-c on the mechanical stress environment and eventually on the stability of the considered carotid bifurcation is studied. Detailed analyses are performed in which the volumes V I-lp and V I-c ͑in percentage͒ of the respective tissue components serve as parameters. We generate and analyze variations on the acquired reference model ͑shown in Fig. 2͒ by keeping the cap thickness unchanged. The geometry, as shown in Fig. 2 , remains the same in all variations. However, the material models and parameters of the plaque forming tissues ͑I-lp and I-c͒ are interchanged or completely substituted by each other. This is shown in Table 2 , where the black region represents the calcification ͑I-c͒ and the light-gray region the lipid core ͑I-lp͒. In the reference model, which we subsequently call the reference model ͑RM͒, the I-lp volume comprises 25% of the volume of the plaque, while the I-c volume comprises the remaining 75%. A first variation in RM is model M1 in which I-lp is completely substituted by I-c ͑V I-c = 100%͒. Model M2 has the ratio V I-lp =75%, V I-c =25% of the two involved tissues, while in model M3 I-c is not present ͑V I-lp = 100%͒. Hence, the volumes of I-lp in models M1, RM, M2, and M3 vary from 0% to 100%. Table 2 summarizes the four investigated models.
Index of Cap Vulnerability.
Here we introduce scalar quantities to serve as vulnerability criteria. The idea to use such indicators goes back to the studies ͓42,55,50͔, which aim to identify plaque risk and assess stent design. We propose a novel ͑com-putational͒ vulnerability index, subsequently denoted as , to quantify the loaded fibrous cap I-fc. Thus,
where is a function of the user-defined parameters w 1 , w 2 ͓0,1͔, which are weighting factors with the condition w 1 + w 2 = 1, while D 1 and D 2 are stress-dependent scalars subsequently explained.
The scalar D 1 is defined as
where max͑ I−fc ͒ denotes the maximum principal Cauchy stress in I-fc, and allow denotes an allowable stress that must not exceeded anywhere in the structure of I-fc. In addition, we have introduced the notation f s for the factor of safety with respect to the ultimate stress ult I-fc of I-fc in the circumferential direction. From Eq. ͑9͒ it is clear that for the case D 1 Ͼ 1 the stress exceeds the allowable stress allow at least at one point in I-fc. The scalar D 1 characterizes the local stress environment in I-fc and is, therefore, related to the localized vulnerability status of the tissue.
The scalar D 2 in Eq. ͑8͒ is defined as
where n e I-fc is the total number of finite elements within the volume of I-fc, and i I−fc denotes the maximum principal Cauchy stress in the finite element i of I-fc. Both stress quantities i I-fc and allow are weighted by the volume ⍀ i of the finite element i in order to make D 2 mesh independent. The scalar D 2 considers only those finite elements in which the maximum principal stress i I-fc is higher than the allowable stress allow . It characterizes the global stress environment within I-fc and is, therefore, related to the overall vulnerability status of the tissue. From definitions ͑8͒-͑10͒ one may conclude that lower values of D 1 and D 2 ͑and consequently ͒ are related to more stable caps, while higher values indicate a higher risk of cap rupture.
Results
Here we present the most illustrative results of the numerical analysis, in particular, we focus on the 3D stress fields of the arterial tissues for the models RM and M2. Next, the stress difference between the two models and the changes in the maximum principal stress for the four models in I-fc are presented. Finally, the changes in the vulnerability index due to morphological variations are documented. Figure 4͑a͒ depicts the distribution of the maximum principal Cauchy stress at the deformed configuration of the characteristic cross sections A and B ͑Fig. 2͒ for model RM. Since the circumferential arterial direction is the main loading direction it can be concluded that one principal axis is close to the circumferential direction. A study of Fig. 4͑a͒ reveals that the highest stress regions are located at the thinnest part of W-nos and, most importantly, in the vicinity of the shoulders of I-fc. These results correlate well with the intimal tear sites found at necropsy ͑see, e.g., Refs. ͓4,17͔͒ and point out that I-lp is under a relatively low compressive hydrostatic pressure, while in the stiff calcified tissue I-c higher stresses are identified. The presented findings are in agreement with other computational studies ͓21,22,24͔.
Predicted Stress Field.
In Fig. 4͑b͒ the results for model M2 are illustrated. In this model for which I-lp and I-c are interchanged ͑Table 2͒, the strain and stress distributions are significantly different. Even though I-c and W-nos bear the main load of the structure, larger areas of maximal stresses are identified in the fibrous cap. This can also be clearly seen in Fig. 4͑c͒ , where the stress difference between the models M2 and RM is plotted with respect to the unloaded configuration of the lesion. It should be noted that for the internal carotid artery the stresses inside I-fc for model M2 increase by almost 50 kPa when compared with model RM, characterizing thus a more rupture-prone stenosis. Figure 5 illustrates the changes in the maximum principal Cauchy stress for the four models in the fibrous cap, which is the most detrimental tissue to plaque stability. In particular, the ranges of stress are plotted with respect to the volume of I-fc. From the figure it is evident that the models M2 and M3 ͑75% and 100% I-lp, respectively͒ lead to higher stresses. A positive correlation between the increase in I-lp portion and the mechanical stress in I-fc is evident.
Predicted Fibrous Cap Vulnerability.
According to an experimental study on nine human high-grade stenotic arteries ͓29͔, the fibrous cap along the circumferential direction exhibits the lowest fracture stress of all intimal tissues investigated, with a value of ult I-fc = 254.8Ϯ 79.8 kPa. Hence, for the present study we used 250 kPa and a value of 5 for the safety factor f s , which gives an allowable stress allow of 50 kPa. Figure 6 depicts the distribution of the maximum principal Cauchy stress I−fc in the finite elements of I-fc for model M2 ͑75% I-lp͒. As can be seen, the maximum principal stress is higher than the allowable stress allow for several finite elements ͑com-pare also with Fig. 5͒ . The stress level at those elements is, therefore, considered to be critical, while the stress level at the other elements is considered to be safe. For the computation of the scalar D 1 , the maximum stress max͑ I−fc ͒ at i = 12, indicated by the symbol Ã, is relevant, while every finite element in which the stress is above allow contributes to the component D 2 .
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Transactions of the ASME In order to compare the rupture-risk of the four lesion morphologies ͑RM, M1, M2, and M3͒, the vulnerability index , as defined in Eq. ͑8͒, is computed by assuming equal weighting factors ͑w 1 = w 2 = 0.5͒. The results are illustrated in Fig. 7 from which it is evident that Ͼ 1 for all models. With the selected safety factor, the morphologies of all four cases are considered to be vulnerable. The smallest vulnerability index ͑ = 1.57͒ is obtained for model M1 for which no I-lp is present. For the reference model RM a slightly higher value is computed. However, when the lesion consists of a higher amount of lipid, then the vulnerability index increases considerably ͑by more than 50%͒. The lesion composed only by I-lp, i.e., model M3, leads to comparable results to model M2. A heavily loaded fibrous cap is thus detected and, consequently, a higher risk for cap rupture is identified.
Discussion and Conclusion
Vulnerable plaque morphology is usually described by gross pathology and intravascular ultrasound. However, morphological criteria alone cannot reliably explain vulnerability, which involves factors such as inflammatory processes, geometry, composition, and wall stresses that occur due to certain loading and boundary conditions, just to mention a few ͓56͔. The last three aspects require biomechanical studies.
Based on the above arguments, we developed an additional multidisciplinary methodology for the quantification of the tissuespecific micromechanical environment of atherosclerotic plaques by combining MR imaging with established mechanical analysis tools. In order to show the methodology, a carotid bifurcation with a high-grade stenosis excised from a human cadaver served as a basis ͑for MR images see Fig. 1͒ . We generated a highly-resolved 3D geometric model ͑Fig. 2͒ using segmentation methods for which both MR and histological images were considered. We segmented four tissues, i.e., nondiseased wall W-nos, fibrous cap I-fc, lipid core I-lp, calcification I-c, and described the nonlinear elastic response of each tissue by a strain-energy function. The material parameters were determined from related extension-inflation tests ͓34͔ and from the literature ͑Table 1͒. Note that we have not identified the structural arrangement of collagen, and hence the angle was used as a phenomenological parameter. Nevertheless, a structural analysis of collagen using methods, such as polarized light microscopy, should be used to obtain related structural parameters; for a recent survey comparing different methods see Ref.
͓57͔.
A novel numerical algorithm based on tangential planes was employed to allow the otherwise laborious computation of the local material axes in the case of large 3D arbitrarily curved patient-specific geometric models ͑Fig. 3͒. The related algorithm was first described in Ref. ͓58͔ focusing on finite element studies of inhomogeneities within the intervertebral disk. To the authors' knowledge, this method has not yet been applied to patientspecific models of arterial tissues. The algorithm provided a robust and fast generation of the 3D collagen fabric; nonuniqueness of the generated fiber directions was not detected even for such a complex geometrical setting of a multilayered bifurcation. In Ref.
͓59͔, the problem of identifying local material axes is solved by mapping the undeformed configuration ⍀ o of the artery to an eccentric thick-walled tube with configuration ⍀ o , in which the ͑lo-cal͒ radial, circumferential, and axial directions can be defined in a straightforward way. A pull-back operation with the rotation tensor provides then the material axes in the initial configuration. Even though this technique seems to address the problem sufficiently, it is demanding and the definition of the configuration ⍀ o has an influence on the prediction of the material axes.
In addition to the generated patient-specific geometric model, three variations of the bifurcation's composition were introduced ͑Table 2͒. Thereby, we focused on the variation in the I-lp and I-c volumes by keeping the cap thickness constant. The used finite element mesh turned out to be sufficiently fine in all directions. The numerical analysis was performed by considering a blood pressure of 140 mmHg, which is an elevated pressure load. According to Chobanian et al. ͓60͔ systolic blood pressure of more than 140 mm Hg is a much more important cardiovascular disease risk-factor than diastolic blood pressure in persons older than 50 years. In addition, data from observational and trial studies suggest that high blood pressure is a main contributor to the profile of atherothrombotic patients ͓61-63͔. The computational analysis of the four models revealed that changes in the volume portion of I-lp lead to significantly different stress distributions in the stenosis. In particular, we identified a correlation between a lipid-rich stenosis and a severely mechanically loaded I-fc prone to rupture ͑Figs. 4 and 5͒. Finally, we proposed scalar quantities that are related to the local and global stress environment in I-fc serving as cap vulnerability criteria ͑Figs. 6 and 7͒. The introduced ͑computational͒ vulnerability index considers a safety factor f s , which is defined with respect to the ultimate stress of I-fc. Note that there are several ways in which factors of safety can be defined. Higher values of suggest a higher risk of cap rupture. The index provides a more efficient and objective rupture-risk assessment of atherosclerotic plaques. Such a vulnerability index has the potential to bridge the gap between the medical and engineering community and may serve as a more quantitative tool for diagnosis, treatment, and prevention.
Despite some novelties and increased complexities of the used geometric and material models there is room for improvements. The multilayered structure of W-nos was modeled as one homogeneous material, and the material properties of I-fc were assumed to behave similar to the homogenized wall material. Tissuespecific mechanical properties of sclerotic human carotid arteries would improve modeling. In addition, due to the lack of experimental data and computational complexities, residual stresses were not considered in the healthy portion of the bifurcation. Based on the authors' experience there are no ͑or at least very minor͒ residual stresses present in the diseased portion of the bifurcation such as the fibrous cap. Consequently, a diseased arterial ring does not spring open when cut in a radial direction within the diseased potion. We did not consider pulsatile blood pressure and fluid-structure interaction models such as presented in Refs. ͓24,64͔, which may strengthen the computational findings of our approach. We do know that the stress conditions become critical when the plaque cap becomes very thin, in particular, for mildly stenotic carotid plaques ͓6͔; hence, this parameter should be considered in an upcoming study. The present analysis is limited to the in vitro assessment of rupture-prone plaques. During the last years the ability of in vivo carotid MR imaging has been significantly improved ͑see, e.g., Refs. ͓65-68͔͒. 3 T MR scanners are finding their way to the clinical arena, and the development of computerized plaque characterization methods to deal with a large amount of high-resolution multicontrast data is ongoing. The extension of the proposed methodology to in vivo implementation is, therefore, feasible.
In the present study a model of a human carotid bifurcation served as a ͑test͒ basis for the developed computational platform. The methodology can also be applied to other arteries such as coronary arteries to evaluate the rupture-risk. One may argue that the results of the presented method-oriented study were highly individual and not representative for atherosclerotic lesions in general. The investigation of only one plaque sample undoubtedly restricts general conclusions, however, the prospect of the documented attempt is the individual diagnosis and assessment of rupture-prone plaques. Moreover, the above discussion suggests that even the study of a single lesion model can simulate novel ideas and provide intriguing insights, which are of general significance for the issue of plaque stability. One should further take into consideration that patient-specific computational analyses have considerable advantages over conventional large clinical trials. For example, they are less expensive and time-consuming, they are harmless to patients, and allow control and systematic variations in all essential parameters.
The combination of MR image data, computerized plaque segmentation and nonlinear finite element analysis, as performed in the present study, constitutes a powerful platform able to investigate quantitatively the biomechanical behavior of atherosclerotic plaques in patient-specific stenoses. This cannot be performed by entirely morphological approaches. In light of the presented results, the authors feel that the proposed methodology may be of interest to several branches of clinical medicine dealing with vessel diagnosis and therapy including radiology, cardiology, and cardiovascular medicine. The outcome of the current study may serve in vivo patient studies in future.
